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SUMMARY 


We  have  been  advancing  the  measurement  of  neuroelectric 
substrates  of  human  cognitive  functions  in  relation  to  quality  of 
performance.  During  the  past  year  we  analyzed  data  from  healthy 
volunteers  who  performed  tasks  that  manipulated  basic  cognitive 
and  visuomotor  functions,  such  as  those  critical  for  flying  high 
performance  aircraft.  We  report  the  existence  of  complex 
"preparatory  neural  networks"  that  may  be  prerequisite  to 
accurate  performance. 

>  Brain  electrical  patterns  of  seven  right-handed  adults  were  found 
to  be  different  preceding  accurate  and  inaccurate  performance. 
Activity  overlying  the  left  frontal  cortex  and  the  motor  and 
parietal  cortices  contralateral  to  the  performing  hand 

characterized  subsequently  accurate  left-  or  right-hand 
performance.  Additionally,  strong  activity  overlying 
supplementary  motor  and  premotor  cortices  preceded  left-hand 
performance.  Group  patterns  significantly  distinguished 
subsequently  accurate  or  inaccurate  performance  by  individuals. 
These  measurements  suggest  that  brief,  spatially  distributed 
neural  activity  patterns,  or  preparatory  sets,®  recorded  from 
distinct  cognitive,  somes thet ic-motor ,  and  integrat ive  motor 
areas  of  the  human  brain  may  be  essential  precursors  or  accurate 
visuomotor  performance. 

These  precursors  of  performance  accuracy  were  not  present  in  even 
highly  enhanced  conventional  averaged  evoked  potentials.  Our 
findings  suggest  that  important  functional  relations  between 
areas  of  the  human  brain  may  be  characterized  by  measuring  the 
similarity  of  wave  shape  and  timing  between  appropriately 
preprocessed  low-frequency  brain  waves  recorded  f rom  di f ferent 
channels  at  the  scalp.kWork  is  underway  to  verify  the  actual 
sources  in  the  brain  o^  these  scalp-recorded  patterns. 
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INTRODUCTION 


Preparatory  set  for  human  visuomotor  performance,  defined  as  a 
state  of  readiness  to  receive  a  stimulus  or  make  a  response 
(Evarts  et  al.,  1984)  has  been  studied  by  a  variety  of 
disciplines.  Temporal  properties  of  preparatory  sets  have  been 
measured  in  informat  ion-process ing  studies,  but  such  studies  have 
not  focused  on  the  underlying  neural  systems  (Posner,  1978). 
Spatial  properties  of  preparatory  sets  have  been  measured  in 
cerebral  blood  flow  studies,  revealing  increased  metabolic 
activity  for  sensory-specific  focus  of  attention  in  superior 
prefrontal,  midfrontal  and  anterior  parietal  cortices  (Roland, 
1982).  These  studies,  however,  have  been  limited  by  the  temporal 
resolution  (1  minute  or  longer)  of  blood  flow  measurement 
techniques.  Clinical  neuropsychological  studies  have  demonstrated 
that  behaviors  requiring  preparatory  sets  rely  on  intact  lateral 
frontal  regions  (Luria,  1966;  Milner  and  Petr  ides,  1984;  Stuss 
and  Benson.  1986;  Teuber,  1964),  but  variability  in  size  and 
location  of  lesions  has  limited  the  spatial  specificity  of  such 
studies  in  localizing  normal  function.  And  although  scalp- 
recorded  brain  electrical  and  magnetic  recordings  provide  both 
spatial  and  temporal  information  on  neural  activity  underlying 
preparatory  sets,  studies  of  the  Contingent  Negative  Variation 
( CNV ) ,  an  event-related  brain  potential  component  thought  to  be 
related  to  preparatory  set,  have  often  yielded  controversial  or 
ambiguous  results  (reviewed  in  Gevins  and  Cutillo,  in  press; 
Rohrbaugh  et  al.,  1980;  Tecce,  1972). 

By  recording  from  an  increased  number  of  electrodes,  and  by  using 
several  signal  enhancing  procedures,  we  have  measured  the 
rapidly  changing  spatial  patterns  of  mass  neuroelectric  activity 
associated  with  preparation  and  execution  of  precise  right-  and 
left-hand  finger  pressures  in  response  to  visual  numeric  stimuli. 
During  the  prestimulus  period,  we  found  differences  between 
patterns  associated  with  subsequently  accurate  and  inaccurate 
performance.  The  results  suggest,  therefore,  that  a  spatially 
specific,  multi-component  neural  preparatory  set,  composed  of  an 
invariant  left  frontal  component  and  hand-specific  contralateral 
central  and  parietal  components,  may  be  essential  for  accurate 
performance  of  certain  types  of  difficult  visuomotor  tasks. 
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METHODS 


§ybi«£t§: 

Seven  healthy,  right-handed  male  adults  were  recruited  from  the 
community.  They  were  each  informed  of  the  risks  and  benefits  of 
the  study  and  paid  for  par t icipat ion. 


Task: 

The  subjects  were  required  to  exert  rapid,  precisely  graded 
pressures  (forces  from  0.1  to  0.9  kg),  followed  by  immediate 
release,  with  right-  and  left-hand  index  fingers  in  response  to 
visual  numeric  stimuli  (numbers  1  to  9).  Each  stimulus  was 
presented  1  second  after  a  cue.  The  cue  was  the  letter  "V"  that 
lasted  0.3  sec  and  was  slanted  at  a  fixed  angle  (30  degrees)  to 
the  right  or  left  to  indicate  the  required  response  hand.  The 
direction  of  the  slant  was  determined  randomly  for  successive 
trials.  The  cue,  stimulus  and  feedback  about  performance  were 
presented  on  a  V i deograph i cs- 1 1  CRT  monitor  located  70  cm  from 
the  subject,  and  were  controlled  for  duration  and  visual  angle. 

Eighty  percent  of  the  trials  were  response  trials.  In  these 
trials,  the  stimulus  was  slanted  in  the  same  direction  as  the 
cue.  and  the  subject  was  to  respond  quickly  with  finger  pressure 
of  the  indicated  hand,  with  a  force  corresponding  to  the  stimulus 
number  on  a  linear  scale  from  1  to  9  (Table  1). 

In  order  to  help  subjects  calibrate  their  responses,  the  pressure 
produced  was  displayed  after  completion  of  each  response.  This 
feedback  indicating  exact  response  pressure  to  a  tenth  of  a 
stimulus  unit  was  presented  as  a  two-digit  number  1  second  after 
the  peak  of  response.  The  feedback  number  was  underlined  to 
indicate  a  ’’win’*  when  the  response  error  was  less  than  the  recent 
performance  level,  which  was  updated  on-line  after  each  trial  as 
the  average  error  from  the  preceding  S  trials  for  each  hand 
separately.  This  criterion  made  it  harder  for  the  subject  to  win 
the  monetary  bonus  (5  cents)  paid  for  "win”  trials  as  performance 
improved.  Together  with  rest  breaks,  possible  systematic  changes 
in  arousal  level  were  thus  minimized.  Monetary  penalties  (10 
cents)  were  deducted  for  responding  to  miscued  "catch”  trials 
described  below. 

In  a  random  20X  of  the  trials,  the  stimulus  was  slanted  opposite 
to  the  cue  and  the  subject  was  to  make  no  response.  These 
miscued  "catch"  trials  ensured  that  subjects  attended  to  the  cues 
and  8 1 imul i . 

Each  subject  performed  between  900  and  1000  trials  over  a  period 
of  5  to  6  hours,  with  frequent  rest  breaks.  Subjects  practiced 
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the  task,  learning  the  motor  control  and  the  conditions  of  reward 
and  penalty,  in  a  pretesting  session  that  continued  until  the 
performance  level  approached  a  stable  asymptote. 


Table  1 


RIGHT/LEFT  INDEX  FINGER  -PRESSURE  TASK 


CUE 

8TIMULUS 

RESPONSE 

FEEDBACK 

GET  READY 

REQUIRED 

PRODUCE 

HOW  ACCURATE? 

FOR  LEFT  OR  RMNT 

RESPONSE 

PRESSURE 

RESPONSE 

PRESSURE 

V 

* 

RIGHT  HAND 

2.5 

A  UNITS 

V 

8 

LEFT  HAND 

SL3  UNITS 

1 

I 

i  i 

1 

1 

1 

1  1 

1 

0 

1 

1.5  2 

3 

B$£8Lgjngs: 

Electrodes  were  placed  according  to  an  expanded  version  of  the 
Ten-Twenty  Electrode  System  in  which  additional  coronal  rows  of 
electrodes  were  interposed  between  the  original  rows.  The 
anterior  midline  parietal  electrode  was  used  as  reference.  Brain 
potentials  from  26  scalp  electrodes,  vertical  and  horizontal  eye 
movement  potentials,  and  flexor  digitori  muscle  potentials  of 
both  hands  were  recorded  onto  magnetic  tape  at  128  Hz  from  0.75 
sec  before  the  cue  to  1  second  after  feedback.  The  band  pass  had 
a  6  decibel /octave  rolloff  below  .1  Hz  and  24  decibel /octave 
rolloff  above  50  Hz.  The  rolloff  below  .1  Hz  was  gradual  enough 
to  allow  sensitivity  to  ultra-low  frequency  brain  potential 
components. 
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Da.ta  Pregar align : 

The  Laptacian  operator,  a  spatial  pattern  enhancement  technique, 
was  applied  to  the  brain  potentials  at  every  time  point  to  reduce 
the  blur  distortion  that  results  as  potentials  are  transmitted 
from  the  brain  to  scalp  (Hjorth,  1975;  1980).  This  operation 
removed  the  effect  of  the  reference  channel.  Peripheral  channels 
were  not  transformed  because  application  of  the  Laplacian 
operator  to  an  electrode  requires  surroundino  electrodes,  which 
are  absent  for  channels  at  the  edge  of  a  recording  array. 
Sixteen  channels  remained:  left  and  right  frontal  (F3,  F4), 

midline  frontal  (Fz),  left  and  right  antero-central  (aC3,  aC4), 
midline  antero-central  (aCz),  left  and  right  central  (C3,  C4), 

midline  central  (Cz),  left  and  right  antero-par ietal  (aPI,  aP2), 
midline  antero-par i eta  I  (reference;  aPz),  left  and  right  parietal 
(P3 ,  P4 ) ,  midline  parietal  (Pz),  and  midi ine  antero-occ ip i ta I 
( aOz ) . 

Two  independent  raters  edited  the  data  for  artifacts  by  visual 
inspection  of  brain,  eye  movement  and  muscle  potential  polygraph 
channels.  Trials  with  artifacts  due  to  eye  movement,  head  or 
electrode  movement,  or  scalp  muscle  contamination  were 
eliminated,  as  were  trials  with  slow,  bimodal,  or  delayed 
responses,  or  with  flexor  digitorum  activity  between  the  cue  and 
the  stimulus.  Remaining  trials  (60X)  were  then  sorted  for 
response  accuracy,  and  the  two  sets  of  trials  were  balanced 
according  to  a  number  of  criteria  in  order  to  eliminate  the 
confounding  of  inaccuracy  per  se  with  possible  performance 
variations  due  to  transitory  and  longer-lasting  changes  in 
arousal  and  learning.  Accurate  and  inaccurate  performance  data 
sets  consisted  of  trials  in  which  the  error  (deviation  from 
required  pressure)  for  each  subject  was  less  and  greater, 
respectively,  than  his  mean  error  over  the  entire  recording 
session.  1 

Classifying  performance  separately  for  each  individual 
compensated  for  be tween-sub ject  performance  differences.  Hence, 
each  data  set  contained  trials  from  each  subject.  Outlying  trials 
on  the  distribution  of  recent  performance  level  were  eliminated 
to  ensure  that  accurate  and  inaccurate  data  sets  did  not  differ 
from  each  other  in  this  variable.  This  correction  eliminated  the 
possibility  that  inaccuracy  would  be  confounded  by  performance 
variations  due  to  transitory  changes  in  arousal.  Furthermore, 
accurate  and  inaccurate  trials  were  evenly  distributed  throughout  I 

the  recording  session  in  order  to  el iminate  confounds  due  to  ! 

learning  and  tonic  arousal.  [ 

• 

To  quantitate  the  electrical  activity  of  the  brain,  we  measured  j 

the  covariance  (similarity  of  waveshape)  between  different  pairs  > 

of  electrodes  over  brief  segments  (187  or  375  msec)  of  event-  | 

related  (cue,  stimulus,  response,  feedback)  waveforms  averaged 
from  the  seven  subjects.  This  approach  is  based  on  the  hypothesis 
that  when  areas  of  the  brain  are  functionally  related,  there  is  a 
consistent  pattern  of  waveshape  similarity  between  their  ' 


r, 

ffc 


macropotentials  (Livanov,  1977;  Freeman,  1975,  in  press;  Gevins 
et  al.,  1981,  1983,  1985;  Gevins,  In  press  a).  Covariances 
between  each  of  the  120  combinations  of  the  16  Laplacian- 
transformed  channels  were  computed  from  enhanced  and  filtered 
average  waveforms.  Enhanced  averages  were  formed  from  sets  of 
trials  selected  as  follows:  for  each  channel,  sets  of  single¬ 
trial  data  samples  in  a  250-msec  interval  centered  750  msec  after 
the  cue  were  submitted  to  a  mathematical  pattern  classification 
program.  The  program  attempted  to  discriminate  the  event-related 
trials  from  a  "noise"  data  set  with  statistical  properties 
similar  to  the  ongoing  EEG  in  corresponding  channels.  In  each 
interval  significantly  distinguished  channels  (p<.05)  were 
tabulated  for  each  person.  The  enhanced  averages  were  formed 
from  those  trials  in  which  a  majority  of  the  tabulated  channels 
were  significantly  classified  (Gevins  et  al.,  1986).  Covariance 
for  each  electrode  pair  was  determined  by  computing  the 
crosscovariance  function  between  their  waveform  segments,  lagging 
one  channel  with  respect  to  the  other  from  0  to  125  msec.  The 
value  of  covariance  was  the  maximum  absolute  value  of  that 
function. 

• 

Covariances  were  analyzed  to  determine  whether  they  were 
significantly  different  from  noise  values;  we  could  then  compare 
the  levels  of  significance  of  each  electrode  pair  under  different 
experimental  conditions.  The  maximum  absolute  value  of 
covariance  was  converted  to  a  significance  (after  square  root 
transformation)  by  comparison  with  a  noise  median  and  an  estimate 
of  noise  variance  using  a  Tukey  Biweight  Scale  estimate.  These 
statistics  were  determined  from  sample  distributions  of  the 
square  root  of  zero-lag  covariances  between  intervals  centered 
around  samples  with  the  minimum  energy  envelope  derived  from  the 
Hilbert  transform.  Ouncan's  correction  procedure  was  applied  to 
control  for  the  120  comparisons  within  each  interval.  Detailed 
s i gna I -process i ng  methods  and  analyses  of  stimulus-,  response-, 
and  feedback-related  patterns  are  reported  elsewhere  (Gevins  et 
a  I . ,  In  prep  a,  b) . 
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RESULTS 


Behavioral  Analysis: 

For  right-  and  left-hand  accurate  performance,  mean  error 
(deviation  from  the  required  pressure)  was  .35  (range  =  .24  to 
.52)  and  .39  (range  >.28  to  .51),  respectively.  For  right-  and 
left-hand  inaccurate  performance,  mean  error  was  1.62  (range 
>1.16  to  1.96)  and  1.66  (range>  1.40  to  2.18),  respectively. 

Mean  reaction  time,  averaged  across  all  subjects,  was  consistent 
among  hand  and  accuracy  conditions  (610-618  msec). 


NeuroQhyslglgfllcal  Analysis: 

To  validate  the  covariance  analysis  in  a  known  case,  the 
procedure  described  above  was  applied  to  waveforms  time- 
registered  to  the  onset  of  the  finger  pressure  response  (Deecke 
et  al.,  1985;  Goldberg,  1985;  Ingvar  and  Philipson  1977;  Pieper 
et  al.,  1980;  Foit  et  a  I.,  1980;  Roland  et  al.,  1980).  The  most 
significant  left-  and  right-hand  covariances  occurred  between 
electrodes  overlying  cortical  regions  involved  in  motor  execution 
(Figure  1)  .  The  major  peak  in  the  Laplacian  waveform  during  the 
response  was  centered  62  msec  after  response  onset  and  was  about 
190  msec  wide;  therefore  a  4  to  7  Hz  bandpass  filter  and  a 
covariance  interval  of  187  msec  were  used.  (Given  the  high 
signal  strength  of  overt  movement  and  the  resulting  large  number 
of  significant  response-related  covariances,  only  the  top 
standard  deviation  of  significant  covariances  could  be  shown  in 
Figure  1  without  creating  an  overly  complex  display.) 

Considering  all  significant  covariances,  left-sided  covariances 
were  significantly  greater  than  the  comparable  right-sided  ones 
by  the  Student's  t-test  at  p<<.0001  (t=18.5)  for  the  right-hand 
response.  Significant  right-sided  covariances  were  significantly 
greater  than  the  left  at  p<<.0001  (t=21.5)  for  the  left-hand 
response.  The  right  antero-central  electrode  site  did  not  appear 
in  the  left-hand  pattern  in  Figure  1  because  its  significance  was 
slightly  below  the  one  standard  deviation  cutoff. 

The  patterns  of  covariance  in  Figure  1  presented  much  more 
spatially  discrete  information  than  did  their  corresponding 
amplitude  maps.  Amplitude  maps  were  made  by  determining  the 
average  amplitude  of  the  Laplacian  waveform  for  each  electrode 
site  over  the  same  interval  used  to  calculate  covariances,  and 
interpolating  between  sites.  Amplitude  is  represented  on  a  color 
scale  with  red  representing  the  maximum  and  violet  the  minimum, 
and  is  presented  on  the  same  diagrams  as  the  covariance  patterns 
for  ease  of  comparison.  In  the  187-msec  interval  centered  on  the 
peak  of  the  response  (62  msec  after  response  onset),  right-  and 


r  iGEP  RESPOr  i'5t 


I'.'I'.'CSI. 


Fig.  1.  View  of  the  most  significant  between-channe I  covariance 
patterns  (colored  lines),  looking  down  at  the  top  of  the  head, 
from  the  wave  at  the  peak  of  the  response,  superimposed  on 
colored  maps  of  that  wave's  amplitude.  The  motor-related  wave 
was  measured  during  a  187-msec  interval  centered  on  the  peak  of 
left-hand  (A)  and  right-hand  (8)  index  finger  pressures  from 
seven  right-handed  men.  The  thickness  of  a  covariance  line  is 
proportional  to  the  negative  log  of  its  significance  (from  .05  to 
.00005).  A  violet  line  indicates  a  positive  covariance  (motor- 
related  waves  with  the  same  polarity),  while  a  blue  line 
indicates  a  negative  covariance  (motor-related  waves  with 
opposite  polarities).  The  color  scale  at  the  left,  representing 
wave  amplitude,  covers  the  range  from  the  minimal  to  maximal 


wave  amplitude,  covers  the  range  from  the  minimal  to  maximal 
values  of  the  two  maps.  AM  covariances  involve  the  site 
overlying  supplementary  and  premotor  cortices.  There  is  a  strong 
lateralization  of  frontal,  central  and  antero-par i eta  I 
covariances  over  the  hemisphere  contralateral  to  the  responding 
hand,  consistent  with  the  lateralization  of  the  amplitude  maps. 
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left-hand  covariance  patterns  were  near  mi r ror- images .  In  both 
patterns,  all  covariances  involved  the  midline  antero-cent ra I 
site  overlying  the  premotor  and  supplementary  motor  cortices. 
Covariances  between  this  site  and  the  left  frontal,  antero- 
central,  central  and  antero-par i eta  I  sites  for  right  hand 
responses,  and  between  corresponding  right  hemisphere  sites 
(except  right  antero-central )  for  the  left  hand,  were  all 
consistent  with  known  motor-related  cortical  areas. 

The  procedure  was  then  applied  to  the  cue-to-st imulus  period  to 
study  preparatory  sets.  A  delta  (up  to  3  Hz)  lowpass  filter  and  a 
covariance  interval  width  of  375  msec  were  used  to  study  the 
low-frequency  CNV  component  (Figure  2).  Comparison  by  the 
Student's  t-test  of  mean  squared  amplitude,  measured  on  each 
Laplacian  waveform  (over  the  same  500  to  875  msec  post-cue 
interval  as  was  used  for  the  covariance)  between  subsequently 
accurate  and  inaccurate  conditions  of  each  hand  was  not 
significant  (p>0.05). 

Similarity  between  the  set&  of  CNV  amplitudes,  or  between 
covariance  maps,  was  measured  with  an  estimate  of  the  correlation 
and  its  conf idence- interval .  For  the  small  number  of  repeated 
measures,  a  normal  distribution  could  not  be  confirmed. 
Therefore,  robust,  resistant  estimates  were  calculated  using  a 
distr ibut ion- independent  "bootstrap"  Monte  Carlo  procedure 
(Efron,  1982),  that  generates  an  ensemble  of  correlation  values 
from  randomly  selected  choices  of  the  repeated  measures.  When  the 
distributions  of  CNV  amplitudes  from  subsequently  accurate  and 
inaccurate  conditions  were  compared  by  this  procedure,  the 
correlations  were  0.84  ♦/-  0.16  preceding  right  hand  performance, 
and  0.83  +/-  0.14  preceding  left  hand  performance.  These  results 
indicate  that  discriminating  between  subsequently  accurate  and 
inaccurate  waveforms  based  on  the  mean  squared  amplitude  of  the 
averaged  event-related  CNV  waveforms  is  not  possible. 

During  this  same  period,  however,  well-defined  between-channe I 
covariance  patterns  related  to  subsequent  accuracy  were 
discovered.  They  first  appeared  in  the  interval  centered  500  msec 
after  the  cue  and  became  well-differentiated  between  accurate  and 
inaccurate  conditions  in  the  500  to  875  msec  interval  (centered 
313  msec  before  stimulus  onset)  spanning  the  late  component  of 
the  CNV.  The  lack  of  muscle  potential  and  eye  movement  signals  in 
these  intervals  confirm  that  these  patterns  were  neural  in  origin 
(Figure  3). 

Covariance  patterns  during  the  period  between  the  cue  and 
stimulus  (Figure  4)  were  distinct  from  those  related  to  overt 
finger  responses.  During  the  interval  from  500  msec  to  875  msec 
after  the  cue  onset,  covariance  patterns  associated  with 
subsequently  accurate  right-hand  performance  involved 
predominantly  left  hemisphere  sites,  particularly  left  frontal, 
central,  parietal,  and  antero-par ietal  sites.  These  4  sites  were 
the  most  prominent  in  that  the  numbers  of  significant  covariances 
in  which  they  were  involved  each  exceeded  one  half  of  the  maximum 
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(c)  (d) 


Fig.  2.  Amplitudes  of  the  contingent  negative  variation  (CNV) 
computed  during  the  cue-to-st imulus  period.  Amplitudes  between 
filtered  (below  3  Hz),  event-related  Laplacian  waveforms, 
averaged  from  seven  subjects,  are  not  significantly  different  for 
the  comparison  of  left-accurate  (A)  with  left-inaccurate  (B) 
conditions,  or  right-accurate  (C)  with  right-inaccurate  (D) 
condi t ions . 
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Fig.  3.  Avaragad  vartical  and  horizontal  aya-movamant  signals 
during  tha  cua-to-st imulus  pariod  for  right-  and  laft-hand  trials 
from  tha  savan  aubjacta  (A).  Avaragad  muscla  potantial  signals 
from  right  flaxor  digitori  during  tha  cua-to-st imulus  pariod 
(arbitrary  units)  (B).  Muscla  potantials  during  ovart  movamants 
wara  many  timas  largar  (C).  (Avaragad  muscla  potantial  signals 
from  laft  flaxor  digitori  showad  tha  sama  rotation.)  Sinca  thara 
is  no  avidanca  of  aya  or  muscla  movamants  during  aithar  right-  or 
laft-hand  praparation,  tha  covarianca  pattarns  in  Fig.  4  ara  not 
dua  to  ovart  movamants. 
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Fig.  4.  View  of  the  significant  (p<0.05)  be tween-channel 
contingent  negative  variation  (CNV)  covariance  patterns,  looking 
down  at  the  top  of  the  head,  superimposed  on  maps  of  CNV 
amplitude.  Measurements  are  from  an  interval  500  to  875  msec 
after  the  cue  for  subsequently  accurate  and  inaccurate  left-hand 
(A)  and  right-hand  (B)  visuomotor  task  performance  by  seven 
right-handed  men.  The  thickness  of  a  covariance  line  is 
proportional  to  its  significance  (from  .05  to  .005).  A  violet 
line  indicates  the  covariance  is  positive  while  a  blue  line 
indicates  that  the  covariance  is  negative.  Covariances  involving 
left  frontal  and  appropriately  contralateral  central  and  parietal 
electrode  sites  are  prominent  in  patterns  for  subsequently 
accurate  performance  of  both  hands.  The  magnitude  and  number  of 
covariances  are  greater  preceding  subsequently  inaccurate  left- 
hand  performance  and  are  more  widely  distributed  compared  with 
the  left-hand  accurate  pattern.  For  the  right-hand,  fewer  and 
weaker  covariances  characterize  subsequently  inaccurate 
performance.  The  amplitude  maps  are  highly  similar  for  the  four 
conditions,  and  do  not  indicate  any  of  the  specific  differences 
evident  in  the  covariance  patterns. 


Figure  4(B) 
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number  at  any  site  (9  for  the  antero-par ietai  site), 
sites  in  the  pattern  were  involved  in  one  third,  or  I 
maximum.  The  same  criterion  was  used  to  judge  which 
prominent  in  the  left-hand  pattern.  All  24 


The  other 
ess.  of  that 
sites  were 
signi f icant 
(7SX)  were 


covariances  involved  sites  on  the  left  side  and  18 
exclusively  on  the  left  side.  The  covariance  pattern  preceding 
subsequently  accurate  left-hand  performance  for  this  interval 
involved  predominantly  right-sided  sites.  Of  18  significant 
covariances  in  this  pattern,  13  (72X)  involved  right  hemispheric 
sites.  The  right-sided  central,  parietal  and  antero-par ietai 
sites  were  most  prominent,  compared  to  corresponding  prominent 
contralateral  sites  for  the  right-hand  accurate  pattern.  The 
left  frontal  site  was  prominent  preceding  both  left-  and  right- 
hand  performance.  The  midline  central  and  antero-central  sites 
were  prominent  in  the  left-hand  pattern,  but  were  not  among  the 
most  prominent  in  the  right-hand  pattern. 


Only  two  significant  covariances  were  related  to  subsequently 
inaccurate  right-hand  performance  in  this  interval,  namely,  left 
parietal  and  antero-par ietai  to  left  frontal.  In  contrast,  the 
subsequently  inaccurate  covariance  pattern  for  the  left  hand  was 
more  bilateral  and  complex  than  the  subsequently  accurate 
pattern.  In  addition  to  the  cue-to-st imu lus  period,  the  post¬ 
stimulus  and  post-feedback  periods  also  showed  differences 
related  to  accuracy,  but  the  response  period  did  not  (Gevins  et 
al . ,  In  prep,  a.b) . 


The  signal  strength  of  pre-stimulus  covariances  was  much  smaller 
than  those  during  overt  responses,  that  is,  the  scale  of 
significance  was  three  orders  of  magnitude  smaller.  The  smaller 
number  of  pre-st imu I  us  covariances  allowed  all  significant 
to  be  shown  in  Figure  4.  Comparison  by  the  Student's 
the  sets  of  subsequently  accurate  and  inaccurate 
was  significant  at  p<.001  for  both  left-  (t*5.57)  and 
(t=7.70)  comparisons.  The  "bootstrap"  correlation 
between  covariance  patterns  preceding  subsequently  accurate  and 
inaccurate  performance  from  channel  pairs  that  were  significant 
for  either  condition  was  0.57  +/-0.09  for  the  ri 
0.10  +/-0.14  for  the  left  hand.  The  t-test 

correlation  results,  taken  together,  suggest  that 
accurate  and  inaccurate  conditions  differ  both 
pattern,  while  the  right-hand  results  differ 


covar i ances 
t-test  of 
covar i ances 
r ight-hand 


ght  hand,  and 
and  "bootstrap” 
the  left-hand 
in  scale  and  in 
only  in  scale. 


Unlike  the  be tween-channel  covariance  patterns,  the  CNV  amplitude 
maps  were  highly  similar  for  both  accuracy  conditions  and  hands, 
and  were  not  useful  in  determining  what  areas  would  covary. 


Using  statistical  pattern  classification  procedures,  covariances 
shown  in  Figure  4  were  considered  as  possible  variables  to 
distinguish  subsequent  performance  accuracy.  The  classifier  was 
a  nonlinear,  adaptive,  two-layered  decision  network  (Gevins.  In 
press  b;  Gevins  and  Morgan,  In  press;  Gevins  et  al.,  1981,  1983. 
1985)  that  decided  from  CNV-interval  be tween-channel  covariances 
of  each  trial  whether  subsequent  performance  was  accurate  or 
inaccurate.  This  algorithm  produced,  by  a  recursive  procedure. 
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classification  equations  consisting  of  weighted  combinations  of 
the  decisions  of  discriminant  functions,  which  themselves 
consisted  of  weighted  combinations  of  a  subset  of  the  covariance 
values  of  Figure  4.  Cross-validation  of  the  equations  was 
performed  by  testing  equations  on  data  that  were  not  used  to 
derive  them.  Significance  was  determined  according  to  the 
binomial  distribution.  (Details  of  the  application  of  pattern 
classification  procedures  to  the  analysis  of  brain  signals  are 
presented  in  Gevins,  in  press  b,  and  Gevins  and  Morgan,  in 
press).  These  conservative  procedures  notwithstanding,  we  must 
caution  that  the  degree  of  generalization  of  these  results  to  the 
population  at  large  is  unknown  and  can  only  be  determined  by 
additional  studies  with  new  subjects. 

When  the  trials  of  each  of  the  7  subjects  were  classified  by 
equations  developed  on  the  trials  of  the  other  6  subjects,  the 
overall  discrimination  was  59%  (p<0.01)  for  right  hand  and  57% 
(p<0.01)  for  left-hand  performance.  Discrimination  of  subsequent 
right-hand  performance  accuracy  was  above  57%  for  6  subjects  and 
was  50%  for  the  seventh.  For  left-hand  performance, 
discrimination  for  3  subjects  ranged  from  56%  to  67%,  and  was  53% 
or  below  for  4  subjects  (who  had  fewer  trials  overall).  Average 
classification  of  each  fifth  of  the  trials  from  the  4  subjects 
with  lowest  left-hand  discrimination,  using  equations  from  the 
other  four  fifths,  was  61%  (p<0.001).  This  suggests  that  the  4 
subjects  had  similar  covariance  patterns  preceding  left-hand 
performance,  which  were  different  from  the  other  3  subjects.  The 
greater  uniformity  for  right-  over  left-hand  discrimination 
suggests  that  there  are  similar  covariance  patterns  among  the 
strongly  right-handed  subjects  preceding  accurate  and  inaccurate 
right-hand  performance,  and  a  divergence  of  patterns  preceding 
left-hand  performance.  While  there  were  differences  in 
discriminative  power  between  individuals,  overall  the  group 
preparation  patterns  were  clearly  effective  in  deciding  an 
individual's  subsequent  performance  accuracy.  For  the  one 
subject  with  the  most  trials,  average  classification  of  68% 
(p<.001)  for  subsequent  right-  and  62%  (p<.01)  for  subsequent 
left-hand  performance  was  achieved  by  testing  a  separate  equation 
on  each  fifth  of  his  trials,  formed  from  the  other  four  fifths. 
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0 1 SCUSS I  ON 


Although  the  origin  of  these  event-related  between-channe l 
covariance  patterns  of  preparatory  sets  is  not  known,  our  results 
suggest  that  preparation  for  accurate  performance  in  a  visuomotor 
task  involves  several  brain  components  (Ruchkin  et  al..  1986):  a 
cognitive  component  manifested  by  invariant  activity  at  the  left 
frontal  covariance  site,  a  hand-specific  somes thet ic-mo tor 
component  manifested  by  the  contralateral  central  and  parietal 
sites,  and  an  integrative  motor  component  manifested  by  activity 
at  the  midline  central  and  antero-centra I  sites.  The  last 
component  was  strong  in  the  pattern  preceding  accurate  left-hand 
performance  and  weaker  in  that  preceding  accurate  right-hand 
performance.  For  both  hands,  preparatory  covariance  patterns 
were  different  from  those  accompanying  actual  response  execution. 
Covariance  patterns  preceding  inaccurate  performance  by  each  hand 
di ffered  marked) y.  The  relative  Tack  of  significant  covariances 
preceding  inaccurate  right-hand  performance  may  be  interpreted  as 
evidence  for  a  weakened  preparatory  set.  By  contrast,  the 
complex,  anatomically  diffuse  but  strong  patterns  in  the  left- 
hand  condition  suggest  that  inaccurate  performance  by  the 
nondominant  hand  of  strongly  right-handed  subjects  may  result 
from  erroneous,  possibly  confounded,  preparatory  sets. 

Our  evidence  for  distributed,  coordinated,  preparatory  components 
of  human  visuomotor  performance  is  consistent  with  previous 
studies  of  this  aspect  of  behavior.  The  involvement  of  the  left 
frontal  site  is  consistent  with  evidence  that  preparatory  sets  in 
humans  are  synthesized  and  integrated  in  left  dorsolateral 
prefrontal  cortices  (Fuster,  1984;  reviewed  in  Go  I dman-Rak i c , 
1984;  Luria,  1966;  Milner  and  Petr  ides,  1984;  Stuss  and  Benson, 
1986;  Teuber,  1964).  The  finding  of  an  appropriately  lateral ized 
par ieto-central  somes thet ic-mo tor  component  is  consistent  with 
data  that  show  neuronal  firing  patterns  in  the  motor  cortex  of 
nonhuman  primates,  and  localized  potentials  in  the  somesthetic 
cortex  of  humans,  preceding  motor  responses  (Evarts  et  al.,  1984; 
Mountcastle,  1978;  Lee  et  al.,  1986).  Finally,  a  midline 
antero-central  integrative  motor  component  is  consistent  with 
involvement  of  premotor  and  supplementary  motor  regions  in 
initiating  existing  motor  schemes  and  establishing  new  ones 
(Roland,  1982,  198Sa,  1985b). 

Our  results  demonstrate  that  the  human  brain,  unlike  a  fixed- 
program  computer,  dynamically  "programs”  its  distributed, 
specialized  subsystems  in  anticipation  of  the  need  to  process  a 
certain  type  of  information  and  take  a  certain  type  of  action. 
When  these  preparatory  sets  are  incomplete  or  incorrect, 
subsequent  performance  is  likely  to  be  inaccurate.  The  fact  that 
classification  of  performance  accuracy  improved  when  equations 
were  formed  and  tested  on  the  same  subjects  suggests  that 
single-subject  equations  formed  from  large  numbers  of  normative 
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trials  may  maka  covariance  patterns  useful 
of  subsequent  behavior. 


for  on-line  prediction 
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